Thermoplastic polyethylene has been increasingly used in important structural applications, e.g., in the production of pipelines for water and natural gas distribution systems, leading to the growing interest in the characterization of the material's fracture toughness. By virtue of its high ductility at room temperature, elastic-plastic fracture toughness concepts are most convenient for this purpose. In this work, a systematic study about the suitability of Essential Work of Fracture (EWF) test protocol to a medium density polyethylene (MDPE) resin designed for water pipelines extrusion is carried out. The influence of test piece preparation and geometry, along with different pre-cracking methods are investigated and their effects on the obtained results are assessed. It has been concluded that EWF methodology is well applicable for the characterization of MDPE resin and the test parameters allow, for instance, the evaluation of process induced anisotropy effects in the sample and the ranking of in-service mechanical performance of different resin grades. It has also been shown that pre-cracking method, test coupon thickness and processing technology impact the obtained results within 5% statistical significance level and that 'rougher' pre-cracking methods affect negatively the test results by increasing data dispersion.
Introduction
Polymers have been increasingly used in structural applications, in which it is commonly required strength, toughness and wear resistance (Ljungberg, 2003) . Particularly, polyethylene is currently used for the production of plastic pipes for water and natural gas distribution systems (Mills, 1993; Jansson, 2003) . Failure in such applications may lead to severe accidents, with life and material losses and hence, a deep understanding and evaluating the fracture process in these materials is advisable.
Emerging fracture mechanics methods are promising toward providing effective parameters for the characterization of the toughness and fracture behavior of materials, as the present authors discussed in a recent work (Peres et al., 2013) . The traditional engineering life-assessment tool for these application, however, is a timeto-fracture versus strength curve, known in the praxis as "regression curve'' (Peres & Schön, 2007) . These curves are the result of a test called "long-term hydrostatic strength'' (LTHS) test, where pressurized water at constant temperature runs in a segment of the pipe, until it fails by water leakage. The time-to-failure is recorded as function of the stress (measured as the "hoop'" stress of the pipe). Two failure regimes are identified in this curve: a ductile failure at high stresses, characterized by the bulging of the tube's wall, and a brittle-like mode, at low stresses, characterized by a small, through crack, oriented parallel to the tube axis. This fracture mode is a consequence of a process known as "stable crack growth'" (SCG) Brown et al., 1991 , Rose et al., 1994 Hamouda et al., 2001) .
The present authors criticized the apparent transferability of the LTHS test (Peres et al., 2013; Peres & Schön, 2007) . In this test the tubes are subject to static load under controlled laboratory conditions, while in the field the tubes are subject to dynamic loads caused both by variations in the inner water pressure and due to external factors, like traffic loads and ambient temperature fluctuations. The LTHS methodology also requires the use of high temperature results (typically 60 and 80ºC) using the time-temperature superposition principle in order to extrapolate results obtained in laboratory convenient times (up to 10,000 h) to project-required lives (50 years) (ISO 9080). Extruded tubes, however, are expected to present process-induced anisotropy. It is quite unlikely that anisotropy will be preserved in the high temperature tests since these temperatures correspond to homologous temperatures (Meyers & Chawla, 1999) as high as 0.92, hence the applicability of the time-temperature superposition principle is questionable. The option to use fracture toughness data for the project of water distribution systems seems, therefore, to be justified.
The connection with slow crack growth, however, shows that linear elastic fracture toughness is not adequate for such a task. Elastic-plastic concepts should be used instead. Two elastic-plastic fracture toughness tests are well established in polymers: the J-R curve determination test (ASTM D6068) and the Essential Work of Fracture test (Clutton, 2001) . In spite of being well established, the two tests still present methodological aspects which are currently subject of investigation. For example, the ASTM D6068 Standard, dealing with pre-cracking, establishes the ideal procedure with the formation of a natural crack by "gentle tapping" into a razor blade positioned at the notch root. The same standard, however, allows other pre-cracking procedures (in particular fatigue pre-cracking). Lu, Qian and Brown , in their seminal work, showed however that the different pre-cracking procedure affects fracture toughness results and, in particular, reject fatigue pre-cracking as a valid method for polymers. The EWF test, on the other hand, also present methodological questions which remain open (Willians & Rink, 2007; Martinez et al., 2009; Bárány et al., 2010) .
The aim of the present work is to investigate the application of existing protocol for the EWF test, studying the effect of methodological aspects on the test results.
The EWF Method
The principle behind the EWF method, originally suggested by Broberg (1968 Broberg ( , 1975 is that the energy related to the fracture of an elastic-plastic material can be split into two components: the essential work of fracture and the non-essential. The first part takes place at an "end region" at the crack tip and is specific of the fracture process, being therefore supposed to be a material property. The rest of total fracture energy, controlled by the length of the non-fractured segment of the body and geometry dependent (Clutton, 2001 ) is related to the generalized and diffuse plastic deformation that occurs at an "outer region". This region surrounds the former and is necessary to accommodate the large strains in the "end region" (Chan & Williams, 1994) .
The basic concept was applied for metals by Cotterell & Riddel (1977) and extended to ductile polymers by several researchers (Martinez et al., 2009; Bárány et al., 2010) .
The principle of EWF is to calculate the fracture energy by integrating the load (F) -displacement (Δx) curves resulting of tests with several specimens with different ligament lengths (l). Provided the whole ligament is yielded, load-displacement curves are self-similar and scale with l. In the cases in which, plane stress condition prevails the volume of the outer plastic dissipation zone is scaled with the square of the ligament (Bárány et al., 2010) . The most common specimen type adopted (deeply Double Edge Notch Tensile -DENT) and the general shape of F-Δx curves are, respectively, illustrated in Figure 1 . Fig. 1 . Basic scheme of EWF method and geometry restriction for DENT specimens. we: essential work of fracture (parameter); β: form factor (of the plastic zone); wp: non-essential work of fracture (parameter); rp: plastic zone radius; σy: yield strength.
It is possible to divide the total fracture energy into one part that is spent along the fracture line and other that is developed in a volume of material surrounding the crack. The first one is proportional to the fracture surface and therefore to the length of ligament, whereas the second is proportional to the volume of surrounding region. It has been observed that for metals and as so for plastics the volume of outer region is proportional to the square of ligament length (Chan; Williams, 1994) . In this way, the total energy absorbed in the fracture process, W f , is given by the following expression:
where w e is the essential work of fracture, β is a shape factor related to the dimension of plastic zone normal to the crack line, w p is the non-essential plastic work dissipated per material volume unit, l is the ligament length and t is the sheet thickness. Normalizing equation (1) by lt it follows that:
where w f is the specific work of fracture.
If the ligament is under pure plane state of stress, w e , w p and β are independent of ligament length so equation (2) is a line which slope is βw p . In order to assure that all specimens are globally under the same stress state trough the ligament some geometric restrictions must be obeyed (Wu & Mai, 1996; Clutton, 2001; Pardoen et al., 2002; Lach et al., 2005) , as shown in Figure 1 .
By simple linear regression analysis of data, w e can be determined, being the linear coefficient, i.e. the intercept of w f as a linear function of l, when l is extrapolated to zero.
According to Williams & Rink (2007) and Clutton (2001) it is advisable to apply a maximum stress criterion to the results of EWF method such as to warrant that the fracture has occurred under plane stress state and to exclude data corresponding to fracture occurred before full ligament yielding. This criterion consists in calculating a mean value (σ m ) of the maximum stress to which each specimen was submitted and to dispense those results which maximum stress have been higher than 1,1σ m or lower than 0,90σ m . That is to say that it is established a range of validity around 10% of the mean maximum stress and data outside this zone are excluded.
Material and methodology
The material used was a medium density polyethylene compound designed as Rigidex PC 002-50R968, supplied by Solvay Indupa do Brasil SA, specially designed for pipe extrusion and intended for use in gas and water distribution systems, classified as PE 80 according to ISO 12162. It has density of 0,944 g/cm 3 and melt flow index 0f 0.85 g (190ºC/5kg/10 min) according to ISO 1133.
Specimens were cut from 1 mm and 3 mm thick compression molded sheets, produced at 190ºC according to ASTM D 4703-03, and from 0.200 mm thick films produced by extrusion and blowing in a laboratory-scale extruder. It was adopted the DENT geometry, shown in Figure 1 . Nominal dimensions of specimens were: width (W) of 38 mm, and length (x) of 75 mm. In the case of the films, specimens were cut parallel and perpendicular to the direction of extrusion (processing).
Nine series of tests were produced, varying notching procedure and ligament orientation in relation to extrusion direction (only in the 0.2 mm thick specimens), as follows:
• In one series of the 3 mm thick specimens the notches were introduced by means of a saw-toothed steel disc, with thickness of 1 mm and diameter of 92 mm, containing 100 teeth of 1 mm high, sharpened at 45º at the rim. In the other series, after notching with the saw-toothed disc, an additional pre-crack of around 2 mm was introduced gently pressing a razor blade at the notch root; • In the two series of the 1 mm thick specimens the notches were introduced by means of right cutting with a relatively sharp steel blade (box cutter) and with a razor blade; • In one series of 0.2 mm tick specimens in which the ligament was parallel to the extrusion direction the notches were made by stinging an acute tip of a box cutter on the specimen surface and pulling it back to the edge, while in other four series of the same thickness the notches were introduced by means of right cutting with a box cutter and with a razor blade, respectively parallel and perpendicular to the extrusion direction. The specimens in each series were grouped in classes of nominal ligament lengths of 6 mm, 8 mm, 10 mm, 12 mm, 14 mm and 16 mm, each class containing 5 specimens.
EWF tests were performed at room temperature at a constant crosshead speed of 5 mm/min. Values of w e and w p for each series were obtained by linear regression analysis of the valid data points [specific work of fracture (w f ) -ligament length (l)].
In order to verify the effects of the studied variations, the series were compared using statistical methods Snedecor (for first to analyze the possible effect of the different pre-cracking methodologies and sample geometries in the variance of the samples) and t-Student distributions, Bartlett test and Aspin-Welch approximation (Walpole et al., 2007) . These methods have been thoroughly described in a previous work by the present authors (Peres et al., 2013) . Figure 2 shows the notch tip characteristics of the different types of pre-cracking where one can observe the more severe deformation of the material caused by the grosser methods. Typical load-displacement curve obtained in the EWF tests is shown in Figure 3 , where it can be noted the relationship between the shape of the curve and the different stages of plastic zone development (presumably equivalent to the stress-whitened regions observed in the insert pictures). This shape of load-displacement curve is not only characteristic of this investigated polyethylene resin, but was also observed in other types of polymeric materials (Poon et al., 2001; Aekhireyeva et al., 1999; Mouzakis et al., 2000; Karger-Kocsis & Bárány, 2002; Karger-Kocsis & Czigány, 2000; Karger-Kocsis & Moskala, 2000) . Table 2 shows the global results of the EWF tests.
Results and discussion
From the statistical analysis performed (Peres et al., 2013) , there is sufficient evidence, at 5% level of significance, that:
• Specimens notching by means of rougher methods, which cause more severe deformation to the material at the crack tip, leads to higher dispersion either in w e as wp results; • Under plane stress conditions the method of notching affects the results of w e as wp ;
• The results of w e as w p are influenced by the specimen thickness and process induced anisotropy.
S-2
S-4 S-1 S-6 S-7 S-8 S-9 The EWF method works well for medium density polyethylene. The ligament fully yielded in all specimens tested prior to crack propagation and, besides the self-similarities of the load-displacement curves, the coefficients of determination (r 2 ) of the linear regressions were always higher than 0.95 (except for S-0 which was 0.87). The sensitivity of the test to sample preparation was demonstrated in the present results. This points out to the urgent necessity to standardize the EWF test.
Conclusions
The EWF test using DENT sample geometry is, according to our observations, well suited for application in MDPE, since, in all investigated cases, the specific work of fracture scales linearly with the ligament length. The obtained load-displacement curves show remarkable self-similarity within a given experimental series, but there are quantitative differences when comparing different series. These differences are reflected in different EWF parameters, particularly in the case of using different precracking methods, which correlates with the different damage zones produced by these methods close to the precrack tip. This situation in more critical for the βw p parameter, but clearly shows that a consensus about the ideal pre-cracking method is needed.
Based on pure statistical considerations, an ideal pre-cracking method should posses the following properties:
• Result in equal variances when comparing results obtained from different samples.
• Result in the lowest possible variance, to decrease the dispersion in w e .
• Another important characteristic of an optimal precracking method is its practicity. It should be possible to run the test worldwide without special equipment From the methods investigated in the present work, the use of a razor blade or a sharp steel blade in the right cutting configuration should be preferred. The use of a rough pre-cracking characteristic of the more practical precracking leads to increased data dispersions and should be avoided.
The present results also allow one to conclude that thickness has an effect on the EWF parameters obtained in the investigated resin. This points out to thickness dependent fracture toughness in PE, as already reported in other materials and suggests that the role of w e as a material parameter should be rethought.
